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Model parameterAbstract Aeromagnetic interference could not be compensated effectively if the precision of
parameters which are solved by the aircraft magnetic ﬁeld model is low. In order to improve the
compensation effect under this condition, a method based on small signal model and least mean
square (LMS) algorithm is proposed. According to the method, the initial values of adaptive ﬁlter’s
weight vector are calculated with the solved model parameters through small signal model at ﬁrst,
then the small amount of direction cosine and its derivative are set as the input of the ﬁlter, and the
small amount of the interference is set as the ﬁlter’s expected vector. After that, the aircraft mag-
netic interference is compensated by LMS algorithm. Finally, the method is veriﬁed by simulation
and experiment. The result shows that the compensation effect can be improved obviously by the
LMS algorithm when original solved parameters have low precision. The method can further
improve the compensation effect even if the solved parameters have high precision.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Aeromagnetic survey has been broadly used in the ﬁelds of
geological survey, mineral exploration, geomagnetic naviga-
tion and geophysical research. During the survey, aircraft mag-
netic ﬁeld is the main interference to the magnetic sensor.1–5Usually, there are ferromagnet in the aircraft which produce
magnetic ﬁeld.6 And Tang et al.7 points out that the plasma
generated by vaporization ionization of the projectile could
produce magnetic ﬁelds. In order to compensate the aircraft
magnetic interference, Tolles and Lawson established aircraft
magnetic ﬁeld model in the 1940s.8,9 However, the parameters
solved directly by the model have low precision because the
model has strong multicollinearity. In order to increase the
precision of solved parameters, later, Bickel proposed another
method which is named small signal model. The aircraft needs
to do minor maneuvers to calculate the parameters according
to the small signal model.10,11 In order to increase the effect of
compensation in magnetic anomaly region such as iron ore
area, a method using global positioning system (GPS) to
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posed in reference.12
With the development of unmanned aerial vehicle (UAV),
aeromagnetic survey based on UAV gradually acquires much
attention and research.13 Compared with man controlled air-
craft, there are some other difﬁculties in magnetic interference
compensation of UAV. As its maneuver capability is weaker
than man controlled aircraft, the solved parameters by small
signal model may have lower precision. On the one hand, it
can use some methods to purify the aircraft magnetic environ-
ment14,15; on the other hand it can use the method of signal
processing for further interference compensation. This paper
proposed a method combining small signal model with LMS
algorithm for further compensation, which is veriﬁed by simu-
lation and experiment.2. Aircraft magnetic ﬁeld model and small signal model
Aircraft magnetic ﬁeld mainly includes permanent ﬁeld,
induced ﬁeld and eddy-current ﬁeld. The aircraft coordinate
system is built in Fig. 1. The origin is the position where the
magnetic sensor is installed, X axis is parallel with the longitu-
dinal direction of the aircraft and forward is positive, Y axis is
parallel with the transverse direction of the aircraft and right is
positive, and Z axis is parallel with the vertical direction of the
aircraft and downward is positive. Denote Bd to be aircraft
magnetic ﬁeld, Bo to be geomagnetic ﬁeld, and Bc to be the
magnetic ﬁeld measured by the sensor. Then
Bc ¼ Bo þ Bd ð1Þ
In Fig. 1, Xo is the angle between X axis and Bo, Yo is the
angle between Y axis and Bo, and Zo is the angle between Z
axis and Bo. ui is termed as direction cosine of geomagnetic
ﬁeld. Let u1 = cos Xo, u2 = cos Yo, u3 = cos Zo. According
to the model proposed in Refs. 7, 8, aircraft magnetic ﬁeld
model can be written as10
jBdj ¼
X3
i¼1
piui þ
X3
i¼1
X3
j¼1
aijuiuj þ
X3
i¼1
X3
j¼1
bijuiu
0
j ð2Þ
where pi, aij and bij are permanent, induced and eddy-current
parameters, respectively, and it satisﬁes that aij = aji,
a33 = 0, b33 = 0. u
0
j is the derivative of uj. So there are totally
16 unknown parameters in Eq. (2).
The precision of parameters solved directly by Eq. (2) is low
because the model order is big and the model has strong
multicollinearity. In order to increase the precision of the
parameters, Bickel has proposed a method called ‘‘small signalFig. 1 Coordinate system of aircraft magnetic ﬁeld model.model’’ to solve the parameters. In the following text, the
detailed derivation of small signal model was given.
When aircraft maneuver is within small angle in direct air
route, the direction cosine can be written as follows:
uiðtÞ ¼ cosðhi0 þ DhiðtÞÞ
¼ cos hi0 cosðDhiðtÞÞ  sin hi0 sinðDhiðtÞÞ
 cos hi0  DhiðtÞ sin hi0
ð3Þ
where hi0 is the stable angle in the direct course, Dhi(t) is the
varying angle aroused by maneuvering. From Eq. (3), there is
uiðtÞ ¼ Ui þ viðtÞ ð4Þ
where Ui = coshi0, vi = Dhi(t) sinhi0. Ui is deﬁned as the sta-
ble direction cosine which is related to the direction of the air
route and vi is deﬁned as the varying direction cosine which is
determined by maneuver angle in the direct air route. When
maneuver angle Dh 6 6, the error of Eq. (4) is less than
0.5%. Substitute Eq. (4) into Eq. (2) and ignore the second-
order small quantity of vi, the magnetic ﬁeld arisen by maneu-
ver can be derived as follows:
SðtÞ ¼ jBdj½Uþ vðtÞ  jBdjU
¼
X3
i¼1
ðPi þ 2
X3
j¼1
aijUjÞvi þ
X3
i¼1
X3
j¼1
bijUjv
0
i
ð5Þ
where v0i is derivate of vi.
In the following text, an example in high latitude region is
given and the small signal model is derived as follows.
When latitude is bigger than 30, then Z0 < 60, so
U3P 0.5, then
X3
i¼1
u2i ¼ 1 ð6Þ
Substitute Eq. (4) into Eq. (6) and ignore the second order
small quantity of vi, the following formula can be obtained.
X3
i¼1
Uivi ¼ 0 ð7Þ
From Eq. (7) we can obtain that
X3
i¼1
Uiv
0
i ¼ 0 ð8Þ
From Eqs. (7) and (8) we can see that
v3 ¼ 
X2
j¼1
Ujvj
 !
=U3
v03 ¼ 
X2
j¼1
Ujv
0
j
 !
=U3
8>>><
>>>:
ð9Þ
Substitute Eq. (9) into Eq. (5), the magnetic ﬁeld arisen by
maneuver can be rewritten as follows:
SðtÞ ¼ W1v1 þW2v2 þW3v01 þW4v02 ð10Þ
and
Wi ¼ pi  p3
Ui
U3
þ 2
X3
j¼1
aij  a3j Ui
U3
 
Uj ði ¼ 1; 2Þ ð11Þ
Wiþ2 ¼
X3
j¼1
bij  b3j Ui
U3
 
Uj ði ¼ 1; 2Þ ð12Þ
1580 J. Zhou et al.It is known from Eqs. (11) and (12) that Wi is related with
the ﬂight direction, so deﬁneWi to be the direction parameters.
In Eq. (10), S(t) can be obtained after ﬁltering the data mea-
sured by optical pump and vi can be obtained after ﬁltering
the data measured by ﬂuxgate sensor. Then Wi can be calcu-
lated from Eq. (10) after collecting the data samples of S(t)
and vi.
There are only permanent and induced parameters in Eq.
(11), rewrite Eq. (11) with the matrix form:
U½p1; p2; p3; a11; a12; a13; a22; a23T ¼ ½W1;W2T ð13Þ
Where U is the matrix which can be solved from Eq. (11)
and the value of Ui can be measured by magnetic sensors.
There are 8 unknown parameters, so collect the data samples
under at least four directions, then the permanent and induced
parameters can be solved from Eq. (13).
There are only 8 eddy-current parameters in Eq. (12); sim-
ilarly, collect the data samples under at least four directions,
the parameters can be solved.
After the permanent parameters pi, induced parameters aij
and eddy-current parameters bij are solved; the aircraft mag-
netic ﬁeld and the interference arisen by maneuver can be cal-
culated from Eqs. (2) and (5).
3. Adaptive ﬁlter and LMS algorithm
Adaptive ﬁlter is different from ﬁxed ﬁlter whose ﬁltered fre-
quency is ﬁxed. The ﬁltered frequency of adaptive ﬁlter
changes with the input signal. Without any prior knowledge
of signal or noise, adaptive ﬁlter adjusts its parameters with
the former parameters and input signal to achieve optimal ﬁl-
ter. The diagram of adaptive ﬁlter is depicted in Fig. 216:
Adaptive ﬁlter consists of digital ﬁlter and adaptive algo-
rithm. In Fig. 2, the impulse response of digital ﬁlter is w(n),
which is the weight of ﬁlter as well and is adjustable and con-
trolled by the error signal. Deﬁne y^ðnÞ to be the estimation of
output signal y(n). y^ðnÞ could gradually approach the expected
response d(n) by the adaptive algorithm.
LMS algorithm is broadly used in the ﬁelds of adaptive ﬁl-
ter because the algorithm has small amount of calculation and
stable performance. The calculation steps of LMS algorithm
are written as follows:
Step 1. Calculate the error signal e(n) with the weight vector
w^ðnÞ ¼ ½w^1ðnÞ; w^2ðnÞ;    ; w^M ðnÞT, input signal vec-
tor uðnÞ ¼ ½uðnÞ; uðn 1Þ;    ; uðnM þ 1ÞT (M is
the ﬁlter order) and the expected response d(n).eðnÞ ¼ dðnÞ  uTðnÞw^ðnÞ ð14Þ
Step 2. Update the weight vector of the digital ﬁlter using
recursion algorithm.Fig. 2 Diagram of adaptive ﬁlter.w^ðnþ 1Þ ¼ w^ðnÞ þ leðnÞuðnÞ ð15Þ
where l is the convergence step size. The conver-
gence condition is 0 < l < 2=kmax, and kmax is the
biggest eigenvalue of the autocorrelation matrix of
input signal.
Step 3. Let n= n+ 1; turn back to the Step 1 and repeat
the above steps until achieving the stable condition.
4. LMS algorithm for aircraft magnetic interference
compensation
The aircraft magnetic interference could not be compensated
effectively if the precision of the solved parameters is low.
The real aircraft magnetic ﬁeld model parameters will also
change with time in the long run, so using the original param-
eters for compensation will lead to bad compensation effect. In
order to further increase the compensation effect in the above
conditions, a method combining the original parameters
solved by small signal model with LMS algorithm is proposed.
The ﬁlter order, the input signal and the initial value of
weight vector should be determined when LMS algorithm is
used for signal denoising. In order to compensate the aircraft
magnetic interference by using LMS algorithm, the compensa-
tion formula of small signal model is written as follows:
Sn ¼ Sn  W1v1n þW2v2n þW3v01n þW4v02n
  ð16Þ
where Sn and S

n denotes the interference and compensated
interference; v1n and v2n denote the varying direction cosine
caused by maneuver, which can be measured by ﬂuxgate
sensor. v01n and v
0
2n are derivatives of v1n and v2n. Wi are
the direction parameters. Compare Eq. (16) with Eq. (14)
and denote the initial value of ﬁlter weight vector to be
w^ð0Þ. Let
eðnÞ ¼ Sn
dðnÞ ¼ Sn
uðnÞ ¼ ½v1n; v2n; v01n; v02nT
w^ð0Þ ¼ ½w^1ð0Þ; w^2ð0Þ; w^3ð0Þ; w^4ð0ÞT
¼ ½W1;W2;W3;W4T
8>>><
>>>>:
ð17Þ
Then Eq. (16) is the same as Eq. (14), so the LMS algorithm
can be used for aircraft magnetic interference compensation,
and the ﬁlter order M= 4.
The detailed steps by using LMS algorithm to compensate
aircraft magnetic interference are as follows:
Step 1. Calculate 16 model parameters by small signal
model.
Step 2. Calculate the direction parametersWi (i= 1, 2, 3, 4)
with 16 model parameters through Eqs. (11) and
(12), and let the initial value of the weight vector
of adaptive ﬁlter be equal to the direction parame-
ters, then w^ð0Þ ¼ ½w^1ð0Þ; w^2ð0Þ; w^3ð0Þ; w^4ð0ÞT ¼
½W 1;W 2;W 3;W 4T.
Step 3. Compensate aircraft magnetic interference Sn at the
present moment according to Eq. (16).
Step 4. Update weight vector of adaptive ﬁlter according to
Eq. (15), and denote the new parameter vector to be
w^ð1Þ.
A method for aircraft magnetic interference compensation based on small signal model and LMS algorithm 1581Step 5. Compensate the next interference Snþ1 with the
method in Step 3 and update the weight vector
w^ð2Þ with the method in Step 4, then the interfer-
ence can be further compensated.Fig. 4 Simulated aeromagnetic interference.5. Veriﬁcation by simulation
Before the simulation, a self-developed software is introduced.
The software is used to simulate the aircraft magnetic interfer-
ence during the ﬂight. The interface of the software is shown in
Fig. 3.
The software includes 3 main modules.
(1) Parameter setting module. In Fig. 3, aircraft magnetic
state parameters indicate the aircraft magnetic proper-
ties. The velocity and maximum maneuver angles are
determined by setting aircraft motion parameters. The
geomagnetic ﬁeld including latitude and gradient in the
ﬂying area is determined by setting geomagnetic param-
eters. The actual ﬂuxgate output considering the inter-
ference can be simulated by setting the ﬂuxgate
correct-parameters. In the interface, center frequency
denotes the center frequency of the maneuver.
(2) Aircraft magnetic ﬁeld calculation module. When press
the magnetic ﬁeld calculation button in Fig. 3, the mag-
netic ﬁelds of aircraft can be simulated with the settingFig. 3 Interface of theparameters. The simulated data still include maneuver
angle, ﬂying altitude, north coordinate, direction cosine,
output of ﬂuxgate sensor and optical pump etc.
(3) Display module. Display the curves of data created dur-
ing the ﬂight such as maneuver angle, ﬂying altitude,
aeromagnetic interference, etc.
The aircraft magnetic interference during the ﬂight can be
simulated by the software. The simulated aircraft magnetic
interference with the setting parameters in Fig. 3 is shown in
Fig. 4. The curve in the ﬁgure shows the ﬂuctuations of the
interference, and the mean value of the interference is 69.3 nT.simulation software.
1582 J. Zhou et al.The compensation method combining small signal model
with LMS algorithm is veriﬁed. The steps are as follows:
Step 1. Create the data samples in four learning ﬂights by
the software. When the data samples are created,
the true value of the model parameters are set
the same as the parameters in Fig. 3. Then recalcu-
late the model parameters by the small signal
model. The true value and the solved value of
parameters are shown in Table 1. The precisionFig. 5 Compensation results obtained by small signal model.
T
P
W
W
W
W
Table 1 Aircraft magnetic ﬁeld model parameters.
Parameter True Solved Deviated
p1 32.4 31.137 21.137
p2 5.68 5.4726 6.4726
p3 22.79 15.475 10.475
a11 0.001251 0.001145 0.000845
a12 0.000088 0.000090 0.000080
a13 0.000032 0.000009 0.000009
a22 0.000033 0.000067 0.000067
a23 0.000026 0.000024 0.000021
b11 0.002480 0.002695 0.003695
b12 0.000011 0.000022 0.000032
b13 0.000151 0.000185 0.000285
b21 0.000032 0.000019 0.000009
b22 0.000086 0.000095 0.000105
b23 0.000054 0 0
b31 0.000140 0.000152 0.000252
b32 0.000045 0.000043 0.000033of solved parameters is high because the simulation
condition is ideal. In order to verify that whether
LMS algorithm could further increase the precision
of compensation if the precision of solved parame-
ters is low, another group of deviated parameters is
used for compensation for comparison. The error
of deviated parameters is increased deliberately.
The deviated parameters are shown in Table 1 as
well.
Step 2. Simulate aircraft magnetic interference in a certain
direction by the software. The interference is used
to verify the compensation effect by the LMS algo-
rithm. The setting parameters for simulation are
shown in Fig. 3, and the simulated interference is
shown in Fig. 4.
Step 3. Compensate the interference with the solved param-
eters and deviated parameters respectively. The
compensation result is shown in Fig. 5. From
Fig. 5, it is known that the compensation effect with
the deviated parameters is less effective than the
effect with the solved parameters.able 2 Calculated direction parameters.
arameter True Solved Deviated
1 99.836 98.244 71.607
2 1.200 0.704 2.211
3 89.836 98.382 134.445
4 3.102 0.686 0.326
Fig. 6 Compensation results by LMS algorithm.
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4) with the true, solved and deviated aircraft mag-
netic ﬁeld model parameters in Table 1 respectively,
and let the initial values of the weight vector of
adaptive ﬁlter be equal to the direction parameters,
then the calculated direction parameters are shown
in Table 2.
Step 5. Compensate the interference by LMS algorithm,
and the initial weight value of adaptive ﬁlter satisﬁes that
w^ð0Þ ¼ ½W 1;W 2;W 3;W 4T: Compare the compensation
result by LMS algorithm with the result by small signal
model as shown in Fig. 6.
From Fig. 6, it is known that the compensation result can
be further improved by LMS algorithm with solved direction
parameters or deviated direction parameters. It is still known
that when the aircraft magnetic interference model parame-
ters have big errors, LMS algorithm has more obvious effect
on the interference compensation.In order to discuss the per-
formance of LMS algorithm, the convergence of the weights
and the curves of mean-squared error (by single calculation)
are analyzed. The convergence step size l is decided by the
input signal vector u(n), while u(n) mainly includes the vary-
ing direction cosine caused by maneuver and its derivatives.Fig. 7 Convergence curvThe value of u(n) is related with maneuver angle, center fre-
quency and ﬂying direction. Generally, the interference
caused by maneuver and its derivatives are smaller than
1000 nT when maneuver angle is less than 6 and center fre-
quency is 0.1 Hz. If geomagnetic ﬁeld is 50,000 nT, the direc-
tion cosine and its derivative would be smaller than 0.02.
Then the reciprocal of the maximum eigenvalue of autocorre-
lation matrix which is composed by the input signal vector is
greater than 600. So let l< 1200, the LMS algorithm will
converge. In fact, according to the simulation, the error vec-
tor and the weight vector could converge when l is even big-
ger, but the ﬂuctuations of the error vector and the weight
vector increase as the step size l increases.
Except the step size, the values of direction parameters also
have an inﬂuence on the convergence of error vector and
weight vector. According to the simulation, the weight vector
converges to its true value when the calculated direction
parameters are close to the true value, and the convergence
performance of bigger weight is better than that of smaller
weight. It is also known that the curve of mean-squared error
converges faster if the calculated direction parameters are clo-
ser to its true value. The convergence curves of weights and the
curves of mean-squared errors calculated with different direc-
tion parameters are shown in Figs. 7 and 8.es of w^ðnÞ (l= 200).
Fig. 10 Compensation result in four learning courses.
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Use the experimental data for veriﬁcation. The experimental
data is collected during a ﬂight in geomagnetic survey. The air-
craft is man controlled. The sensor system is installed in the
cabin. As the true values of the parameters of aircraft magnetic
interference model are unknown, the precision of solved
parameters cannot be evaluated directly by the parameter
itself. However, we can use the solved parameters to compen-
sate the interference, and the precision of parameters can be
evaluated through the compensation effect.
Before the survey, aircraft ﬁnished a learning ﬂying in four
orthogonal directions, and the parameters solved by small sig-
nal model are shown in Fig. 9.
The compensation result in four learning directions with the
solved parameters by small signal model is shown in Fig. 10.
It can be seen from Fig. 10 that the interference can be com-
pensated well with the solved parameters; the compensation
ratio is over 90%, which could prove the high precision of
the solved parameters.
Select the interference in another straight air route for ver-
iﬁcation. The interference is compensated by small signal and
LMS algorithm respectively. The compensation result is shown
in Fig. 11. The direction parameters calculated with the model
parameters are shown in Table 3.
From Fig. 11 it is known that the compensation effect can
be further improved by LMS algorithm although the solved
parameters already have high precision.Fig. 9 Solved parameters by small signal model.
Fig. 11 Interference compensation results.
Fig. 8 Mean-squared error curves (by single calculation
l= 200).
Table 3 Calculated direction parameters.
Parameter Solved Parameter Solved
W1 512.469 W3 193.934
W2 161.068 W4 178.8317. Conclusions
As the maneuver capability of UAV is limited, the solved
parameters by small signal model may have lower precision.
A method for aircraft magnetic interference compensation based on small signal model and LMS algorithm 1585In order to further increase the compensation effect, this paper
has proposed a method which combines small signal model
and LMS algorithm. The method was veriﬁed by simulation
and experiment and some conclusions are acquired as follows:
(1) The compensation effect can be further improved by
LMS algorithm and the effect is obvious especially when
the solved parameters have low precision.
(2) The more precise the original solved parameters, the bet-
ter the convergence performance of the ﬁlter.
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